Abstract. The study of atmospheric air pollution research in complex terrains is challenged by the lack of appropriate methodology supporting the analysis of the spatial relationship between phenomena affected by a multitude of factors. The key is optimal design of a meaningful approach based on small spatial units of observation. The Zasavje region, Slovenia, was chosen as study area with the main objective to investigate in practice the role of such units in a test environment. The process consisted of three steps: modelling of pollution in the atmosphere with dispersion models, transfer of the results to geographical information system software, and then moving on to final determination of the function of small spatial units. A methodology capable of designing useful units for atmospheric air pollution research in highly complex terrains was created, and the results were deemed useful in offering starting points for further research in the field of geospatial health.
Introduction
Numerous studies indicate that the environment has a significant impact on human health (Prüss-Üstun and Corvalan, 2006) . Therefore, exploring the spatial relationship between environmental and health phenomena by means of environmental epidemiology, which is the basis for planning evidence-based measures of health protection, is of the utmost importance (Briggs et al., 1996; Elliot et al., 1992 Elliot et al., , 2000 . Application of environmental epidemiology reaches into the past, while the development of modern tools, such as geographical information systems (GIS), is subject to increasing popularity (Jerrett et al., 2005; Beale et al., 2008) .
The results of the analysis of the spatial relationship between phenomena can be affected by various factors, including the choice of the spatial unit of observation. The most commonly used units are the existing, administrative, territorial units like municipalities, regions or countries (Zadnik and Reich, 2006; Staut, 2008; Wang et al., 2009 ). However, these spatial units are usually large, resulting in the loss of a great deal of heterogeneity of the data that exist within such an area. This led to the consideration of how to design meaningful, smaller, spatial unit (Stroh et al., 2007; Orru et al., 2009; Eitan et al., 2010; Ocana-Riola, 2010) , while the development of GIS tools (Hrvatin and Perko, 2010) made it possible to advance rapidly towards this goal. Although smaller, spatial units can still be determined on an administrative basis (at the level of local communities or settlements), the closest approximation of the actual distribution of observed environmental phenomena in the space would be a more useful basis (Stroh et al., 2007; Eitan et al., 2010; Hrvatin and Perko, 2010) . This process lends itself to atmospheric air pollution research by combining elements of physical geography and information about adverse environmental phenomena. However, the design of small spatial units for the study of the effects of atmospheric air pollution on health on the basis of the air dispersion of pollutants can be very difficult in the case of a complex terrain.
We aimed to design small spatial units in a test area, and examine their usefulness in practice, as this would facilitate the preparation of an appropriate methodolo-gy for the optimal design of such units of a very complex terrain. The ultimate goal was to develop this methodology for the analysis of the relationship between environmental phenomena and health status of the population. The study is a part of larger project, performed at the Chair of Public Health, Faculty of Medicine, University of Ljubljana between October 2010 and September 2012, in collaboration with environmental and health experts (Kukec et al., 2012) .
Materials and methods

Area and time of observations
The area of Zasavje region (263.5 km 2 ), consisting of the three municipalities Zagorje, Trbovlje and Hrastnik in the central part of Slovenia was chosen for observation covering a 1-year period between January 1, 2011 and December 31, 2011. The Zasavje terrain is defined by the narrow valley of the Sava River and its three side valleys (Fig. 1) and its principal characteristic is that it is geographically highly complex.
Many different kinds of heavy industry (cement, glass, chemicals, etc.), among them one of the biggest thermal power plants in Slovenia (Box 1), are active in Zasavje and the region is considered one of the most polluted regions in the country (Segula et al., 2012 (SEA, 2012) , are located in the Zasavje region, six in each municipality (Fig.  1) . Out of them, three (a cement plant, a thermal power plant and a glassworks) are sufficiently big polluters to be obligated estimating their impact on the atmospheric air pollution according to existing, legal acts (Government of the Republic of Slovenia, 2007) .
Methodology to determine of small spatial units
The set of data used in this study is first presented followed by modelling of local air pollution. The whole process involving the spatial units consisted of the following two steps: (i) modelling of pollution in the atmosphere with dispersion models; and (ii) determination of small, spatial units.
Zagorje municipality
Construction material plant; district heating plant; electrical components plant; timber industry plant; quarries (locations A and B).
Trbovlje municipality
Cement plant; district heating plant; foundry; thermal power plant; quarries (locations A and B).
Hrastnik municipality
Centre for waste management; chemical plant; district heating plant; glassworks; moulds plant; quarry. Box 1. Major sources of air pollution in the Zasavje region, Slovenia. 
Modelling of pollution in the atmosphere with dispersion models
Input data
The data used for modelling are presented below and summarised in Table 1 vidual heating devices -the flat, half-hourly quantity of emissions in tons from the whole, annual traffic emissions for the region was estimated without considering the daily and weekly cycles. However, the spatial density was taken into account. The emissions at the different sections of the road network were weighted according to counters along roads. The same approach was taken with regard to the air pollution due to emissions from local individual heating devices, without considering the seasonal cycles. The emissions in the different parts of the region were weighted according to the size of settlements. "SurfPro" and 3-dimensional (3-D) mass consistent model "Swift" for winds (Desiato et al., 1998) ; an approximation of the 3-D fields of wind, temperature and turbulence was calculated with a horizontal resolution of 200 m a temporal resolution of half an hour.
Local air pollution modelling
The numerical Lagrangian particle model "SPRAY" with the Monte Carlo simulation was applied for simulate the atmospheric pollutants dispersion (Tinarelli et al., 2000) . An example of 3-D particle dispersion from the chimney of the thermal power plant by using this model is presented in Fig. 2 . The modelling results were expressed as half-hourly concentrations in each cell (MEIS Environmental Consulting, 2012) . Finally, the average summer and winter modelled concentrations of particulate matter (PM 10 ), the average annual modelled concentrations for sulphur dioxide (SO 2 ) and nitrogen dioxide (NO 2 ) were calculated. Levels of air pollution were shown using maps with the levels of pollution presented in colour with a continuous colour scale.
Determination of small, spatial units
ArcGIS was used (ESRI, 2010) for the process with the following data as input: (i) digital maps of administrative units according to the Surveying and Mapping Authority of the Republic of Slovenia (SMARS) showing settlements and local communities; and
(ii) air pollution dispersion modelling results transferred to the ArcGIS software (the original continuous values were grouped into five groups as follows: (i) negligible level of air pollution; (ii) low level of air pollution; (iii) moderate level of air pollution; (iv) noticeable level of air pollution but not exceeding the limit; and (v) the level of pollution exceeding the limit) before use. This resulted in a layer in which the smallest unit was a cell of the size 200 × 200 m. The process itself consisted of two phases, at the end of which the size of the spatial units was still defined by the size of settlements and/or local communities. It started with the loading of various basic layers to the ArcGIS software. These layers were being added in the following order: (i) the layer of digital maps with boundaries of local communities; (ii) the layer of digital maps with boundaries of settlements; and (iii) the layer of air pollution estimates obtained by the dispersion modelling. In the second phase, the spatial units obtained at the end of the first phase were inspected for homogeneity of air pollution. If in the individual unit the situation pollution-wise was fairly homogeneous, the unit was kept at the same shape as it was at the end of the first phase of the process. On the contrary, if the situation was not homogeneous, new subunits within such a unit were defined on the basis of air pollution. Thus, at this step, the final set of small, spatial units based on combination of different administrative spatial units and air pollution dispersion modelling results was obtained. For each pollutant, a special model of small, spatial units was determined.
Results
The results of the estimation of the dispersion of air pollution with dispersion models for average concentrations of PM 10 , SO 2 and NO 2 are shown in Fig. 3 . For PM 10 , two average concentrations are shown: one for the summer (Fig. 3a) ; the other for the winter (Fig.  3b) . For SO 2 (Fig. 3c ) and NO 2 (Fig. 3d ) the average annual concentrations for each is shown. In general, the results for PM 10 and NO 2 show that the maximum level of pollution is dispersed by the prevailing winds from the biggest air pollution source in the direction of the three side-valleys of the Zasavje. The pollution in these three closed valleys also persists longer than it would in a flat area with better ventilation. On the other hand, the level of SO 2 does not exceed the per- Fig. 2 . Example of 3-D particle dispersion of the chimney plume from a thermal power plant (Created by the numerical Lagrangian particle model SPRAY). mitted limit of pollution in these valleys. This is due to the low levels of concentration of this pollutant and the dispersion of pollution above the temperature inversion layer. Additionally, the pollution does not extend significantly in the direction of the three sidevalleys. Fig. 4 shows the results of determination of small spatial units at the end of the first phase of the process. Two average concentrations for PM 10 , summer (Fig.  4a) and winter (Fig. 4b) , annual average SO 2 (Fig. 4c ) and annual average NO 2 (Fig. 4d) .
The results of the determination of small spatial units based on the average concentrations of observed pollutants are shown in Fig. 5 . Four models of small spatial units were determined. Two models for PM 10 : a model with 149 small spatial units for the winter average of PM 10 concentrations (Fig. 5a ) and a model with 116 small spatial units for the summer average of PM 10 concentrations (Fig. 5b) . For the annual average of SO 2 concentrations, a model with 150 small spatial units (Fig. 5c ) and for the annual average of NO 2 concentrations, a model with 115 small spatial units (Fig.  5d) were determined.
Discussion
Based on the results of our study it can be concluded that the presented methodology for designing small spatial units suits the study of the relationship between environmental phenomena and health status of the population in areas with a very complex terrain. However, the idea of designing spatial units on the basis of approximation of the actual distribution of the observed environmental phenomena is not new. In the review paper of Jerrett et al. (2005) the use of dispersion models with emission and meteorological data as input parameters was recommended for defining small spatial units almost 10 years ago. A similar methodology was also used in several other studies (Stroh et al., 2007; Orru et al., 2009; Eitan et al., 2010) . However, all of these studies were performed on a more or less flat terrain. Consequently, the problem of application of this methodology to a very complex terrain remained open. Our study tried to address this important issue.
This study has some potential limitations. Firstly, emission data for all industrial sources of air pollution in the test area were not available. It was originally planned to include the data on emissions from the 18 main sources of air pollution in the region in the study, but consent for the use of emission data could only be obtained for five pollution sources. Importantly however, two of them (the thermal power and the cement plants), are considered the biggest pollution sources in Zasavje, contributed 72.5% of the emissions of the total amount of suspended particles in 2005; 77.3% of the emissions of NO 2 and 91.2% of SO 2 emissions in this region (Cerkvenik et al., 2007) . Secondly, these emission data were available only at the level of the considered nominal emissions at full capacity of devices. The results of modelling would have been significantly more accurate, if the emissions were recorded and reported continuously. Unfortunately, existing legal acts of Slovenia regarding report of emissions to SEA, are vague, e.g. there is no explicit legal rule commanding automatic continuous monitoring. In spite of taking into account less accurate data, we were still able to adequately assess the pollution to develop a methodology of determination of small spatial units. However, for future research, this problem will have to be solved.
Thirdly, detailed emission data on line (traffic) and dispersed pollution sources (individual heating devices and industrial dispersed sources) were not accessible. Currently, in Slovenia, emission values for these sources can only be accessed occasionally on a yearly basis. For a quality assessment of pollution in the area of observation it would be necessary to obtain suitably prepared daily or hourly data . However, the available data were taken into account in the modelling system. Fourthly, the meteorological data in the form in which they are available in Slovenia today are not the most appropriate for modelling. For quality modelling it is important to use as many measured data of meteorological conditions as possible and models appropriate for the terrain (Grasic, 2008; MEIS Environmental Consulting, 2012) . To improve the meteorological part of modelling, real-time measurements of the vertical wind profile, temperature and turbulence in all the valleys in the region of Zasavje should be included. For the description of such a profile, measurements with the "SODAR" system as described by Mlakar et al. (2012) would be more appropriate, but they are currently not permanently available for the region of Zasavje.
Finally, there are also limitation is the modelling process itself. The models of air pollution dispersion are currently even less reliable than the measurement, which in Slovenia is due to the complexity of the terrain and is therefore not representative for a larger area. The value of the models is mostly in the understanding of the situation and results for an entire area (temporal and spatial resolutions) (MEIS Environmental Consulting, 2012). The European Union (EU) directive on ambient air quality and cleaner air for Europe (EC, 2008b ) is implementing models to act in parallel to measurements for monitoring air pollution and directly demands the implementation of models as tools that give pollution a spatial image (Grasic, 2008) . The modelling system used was chosen based on similar studies (Maheswaran et al., 2005; Choi et al., 2009; Orru et al., 2009; Maheswaran et al., 2012; Mölter, 2012) and the requirements of the forum for air quality modelling (FAIRMODE, 2012) .
The air pollution modelling system has been successfully and extensively validated on the site of Zasavje region and in another Slovenian region -the Šoštanj area -of similar topographical and meteorological complexity Boznar et al., 2012; Mlakar et al., 2012 Mlakar et al., , 2013 . Due to complexity of validation of air pollution models over complex terrains, additional work has been done in setting up detail validation methodology (Grasic et al., 2011) . Secondary pollutants formation is also an important issue. In this study secondary pollutants were taken into account in QualeAria long-range trans-boundary air pollution (QualeAria, 2012) . On the small scale of Zasavje region for local emissions the secondary pollutants were not taken into account because it was felt that there was not sufficient time of pollutants to travel from emission sources to the towns and villages of interest and, more importantly, because in the area there are no significant sources of other complementary pollutants needed for formation of secondary pollutants (beside primary emitted NO 2 and SO 2 ).
The present study offers a starting point for further research in the field of the geospatial health at the population level (linking environmental and health data). Despite the limitations discussed above, the presented study is useful and important for environmental health. It can be said that this kind of research enriches past research in the field in Slovenia and elsewhere (Erzen et al., 2006; Erlih and Erzen, 2010; Kukec et al., 2013) .
Conclusion
A methodology has been established for linking health data with complex meteorology in a highly complex terrain, based on small, spatial units.
Considering the identified deficiencies, the results generate an important foundation for future studies in the observed area as well as in other areas with a similarly complex terrain.
